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摘要 
许多传统的抗癌药物递送系统通过修饰特异性配体的方法，使得药物被细胞
内化吸收。然而，它存在着一些制约其应用的缺陷。例如，抗原屏障效应的产生，
使得抗体类药物被细胞吸收的效率较低。这促使科研工作者们提出了非内化药物
递送系统的概念，即药物载体首先富集于肿瘤微环境，后于细胞外释放药物小分
子，并扩散至细胞内而导致肿瘤细胞死亡。非内化药物递送系统通常修饰有非内
化配体，并且与药物分子通过可以切断的共价键相连。聚合物作为一种理想的非
内化药物载体，可通过主动或被动靶向作用富集于肿瘤细胞微环境，从而发挥作
用。 
为实现非内化药物递送系统的选择性，及动力学可控的药物释放，二硫键介
导的细胞外药物释放成为了目前该方面研究的关注点所在。在细胞开始死亡时，
细胞内的还原性巯基分子（如谷胱甘肽、半胱氨酸）会渗出胞外，促进载药体系
中二硫键在细胞外部的断裂。并且细胞表面的巯基还原酶也会加快这一过程。然
而，将聚合物与二硫键相结合的体系却较少受到关注。这是由于聚合物的组成、
结构甚至所搭载的药物性质等诸多复杂因素，都会影响二硫键的性质。本文的工
作旨在考察聚合物载药体系中所含的二硫键的生物还原行为。我们合成了四种不
同的含二硫键聚合物荧光探针，应用于实时、定量地分析氧化还原缓冲体系中二
硫键的还原情况以及追踪细胞体系中的生物还原过程。 
本文包括以下四章： 
第一章：首先介绍了传统内化药物递送系统的特点及优缺点；其次对比介绍
了非内化药物及其与肿瘤微环境的关联性，并重点关注了含二硫键的非内化药物
递送系统，最后，对 POEGMA 聚合物的性能、优势及其在药物递送中的应用做
了简单介绍。 
第二章：利用原子转移自由基聚合（ATRP）法，分别将单体 2-氨基乙基甲
基丙烯酸酯盐酸盐（AEMA）与单体寡聚乙二醇甲醚甲基丙烯酸酯（OEGMA500）
以及单体 AEMA 与单体 2-甲基丙烯酰氧乙基磷酸胆碱（MPC）共聚，合成两种
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聚合物，并通过连接剂 3-(2-吡啶基二硫基)丙酸 N-羟基琥珀酰亚胺酯（SPDP），
将聚合物侧链的部分氨基转化为二硫吡啶。本章主要构建了聚合物荧光探针的骨
架部分，并引入方便后续修饰的官能团。 
第三章：合成了含巯基的 BODIPY（氟化硼二吡咯）衍生物，并连接到聚合
物上，并通过不可被巯基切断的共价键连接上 TQ2（Tide Quencher 2）和 RhB（罗
丹明 B），构成共四种探针。我们对所有探针分子进行了紫外吸收强度测试，通
过各染料的标准曲线计算得到聚合物连接染料的数目。经荧光性质测试显示，各
探针均能通过荧光自猝灭效应或荧光共振能量转移效应产生荧光猝灭现象，可以
进行后续的荧光恢复动力学实验。 
第四章：在缓冲溶液体系中测试了各种重要的含巯基分子与聚合物探针作用
的荧光恢复动力学曲线，并进行了对比和分析。这些巯基分子包括 DTT（DL-
二硫苏糖醇）、GSH（L-谷胱甘肽）和 Cys（L-半胱氨酸），以及蛋白质巯基（血
清中）等。结果证明，探针对各巯基分子均能产生响应，而有不同程度的荧光恢
复，其动力学与二硫键所处的空间环境及巯基分子的还原能力等因素相关。并且，
在较为复杂的细胞体系中，也通过细胞成像观察到探针在细胞内的荧光，并通过
相关实验证实了探针在细胞外发生了巯基-二硫键交换反应，释放的荧光分子扩
散进入细胞内。这类含二硫键聚合物荧光探针可应用于对药物递送过程的模拟、
追踪和考察。 
 
 
关键词：非内化药物递送；二硫键；荧光探针；生物还原；细胞表面巯基  
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Abstract 
Traditional delivery systems generally exploit internalizing ligands to promote 
cellular uptake of anticancer drugs. However, internalizing the delivery of anticancer 
drugs faces limitations in practice. For example, the antigen-barrier effect and the 
inefficient penetration of the delivery systems (e.g., antibody) into solid tumors might 
significantly restrict the release of drugs to few perivascular tumor cells. These 
limitations inspired the recent development of noninternalization-based intracellular 
drug delivery systems. This alternative concept is based on the prerequisite that 
anticancer drugs released from their carriers accumulated in tumor environments can 
further diffuse into the surrounding tumor cells, and result in tumor necrosis. In 
general, noninternalizing delivery systems consist of a noninternalizing ligand with 
which cytotoxic agents are conjugated via cleavable linkers. Polymeric carriers, either 
noninternalizing ligand-decorated or undecorated, might represent a promising 
alternative for being exploited as noninternalizing delivery systems, which can 
accumulate in tumor microenvironments through either active or passive tissue 
targeting. 
To achieve selective and kinetics-controllable release of anticancer drugs from 
noninternalizing delivery systems, disulfide bonds have been increasingly exploited to 
mediate the extracellular release of drugs especially considering that intracellular 
reducing agents (e.g. glutathione (GSH), cysteine (Cys)) would extravasate to the 
surrounding environment when cell death is initiated. In addition, increasing evidence 
has demonstrated the activation of cell-surface thioreductases, which would also 
facilitate the reduction of disulfide linkers in extracellular spaces. However, the 
behaviour of disulfide bonds in polymers (considered as potential noninternalizing 
carriers) in extracellular spaces has received little attention, though it might be 
complicatedly influenced by the composition and structure of the polymers, or even 
the properties of the drugs conjugated. In this work, we quantitatively examined the 
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(bio)reduction of disulfide bonds incorporated into polymer. Four different 
disulfide-containing fluorescent probes were designed and synthesized, which allow 
for real-time and quantitative analysis of the reduction of disulfides in redox buffers 
and the tracking of bioreduction during cell culture. 
This thesis comprises four chapters listed below. 
Charpter1. First, we shortly overview the traditional delivery systems and 
introduce their limitations in practice. In the next section, we introduce the 
disulfide-containing noninternalization-based intracellular drug delivery systems and 
the relationship between tumor microenvironment and disulfide exchange. We focus 
on disulfide-containing NIDS. Finally, we introduce the properties, advantages and 
biologicalapplications of POEGMA. 
Charpter2. Two different copolymers, Poly(AEMA-co-OEGMA500) and 
Poly(AEMA-co-MPC) were synthesized through ATRP of AEMA,OEGMA500 and 
MPC.These polymers were then reacted with N-succinimidyl 3-(2-pyridyldithio) 
propionate (SPDP), which leads to introduction of disulfide bonds in polymers. Thus, 
by taking POEGMA as a model polymer-based noninternalizing delivery system, 
fluorescent probes were designed and synthesized in next chapter. 
Charpter3. A thiol-bearing boron dipyrromethene (BODIPY) fluorophor was 
synthesized, and conjugated to polymers by a disulfide bond. Self-quenching and 
energy transfer from BODIPY to a non-fluorescent quencher (Tide Quenchert 2,TQ2) 
or a fluorescent acceptor (Rhodamine B, RhB) were exploited for the construction of 
the four probes, in which TQ2 or RhB was conjugated through non-cleavable covalent 
bonding. Self-quenching between BODIPY fluorophores results in suppression of 
fluorescence, and FRET effect lead to much more pronounced suppression of 
fluorescence. 
Charpter4. Fluorescence dequenching of 1–4 in redox buffer was then examined 
in the presence of DTT, GSH, Cys and protein thiols (serum). To further analyze the 
location of disulfide exchanges of the probes and examine if the released BODIPY 
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